The cracking of joints is a common phenomenon which interests patients and clinicians alike. Its exact nature has remained in doubt, as evidenced by a recent comment in the British Medical Journal (1969) . At the knee and hip, tendons over bony prominences can cause 'clicking' which may sometimes be audible. The tensor fascia lata is particularly apt to do this over the greater trochanter. The majority of cracks do not appear to arise from this mechanism.
The only detailed study of cracking in the metacarpophalangeal joint, as far as the authors are awNare, is that of Roston and Wheeler Haines (1947) . Before this work bubbles had been observed in joints by Fick (1911) , Dittmar (1933), and Nordheim (1938) , who were interested in them as a means of obtaining radiographs of fibro-cartilage in the knee without using a contrasting medium.
In the present communication it will be shown that this bubble is not the cause but the effect of the crack, and that fluid 'cavitation' is responsible for the cracking noise. In addition, suggestions will be made to explain why some joints cannot be cracked and why, having been cracked, about 20 minutes must elapse before a joint can be cracked again.
Materials and methods
A machine was designed and built to study the effects of loading on the separation of the metacarpophalangeal joints in man (Fig. 1) . The subject's arm was held in a prenyl splint attached to an adjustable table. A selection of splints was available to ensure correct alignment of the fingers to the loading mechanism. The fingers rested on an x-ray cassette which could slide laterally in the table.
Loads were applied by a pneumatic cylinder acting through a transducer and twine which was connected to a ring fitted around the proximal phalanx of the middle finger. A small adhesive dressing encircled the proximal interphalangeal joint to prevent the ring from slipping.
The applied loads were measured using an ultra-violet recorder whilst sequential x-ray exposures allowed the bone separation to be visualized.
X-ray exposures were taken at the beginning of the test before loading and at increments up to about 16 kg. If the joint cracked, the load trace was marked at the point of cracking and, after further increases in load, exposures were taken at each reduction of load to zero. Where joints did not crack the maximum load applied to thejoint was 16 kg. During this series of tests, seventeen subjects were tested on the machine.
STUDY OF GEOMETRY
To apply the appropriate hydrodynamic equations for theoretical analysis, the configuration of the metacarpophalangeal joint of the middle finger was determined in nine joints. Four joints were obtained from the Department of Anatomy (having been embalmed) and five at autopsy. Silicone rubber moulds were made of the metacarpal head and the base of the proximal phalanx of each joint and acrylic plastic models were produced. These were sectioned in various planes and the radius of curvature measured at each plane using a projection microscope.
GAS ANALYSIS OF SYNOVIAL FLUID
This was carried out using a Van Slyke apparatus on synovial fluid from seven patients; one had a traumatic effusion and six had rheumatoid arthritis. The fluid was taken in a sealed syringe and each test performed as soon as possible (usually within 1 hour). In the case of one specimen, taken at operation, the sample had been exposed to the air on opening the joint. 
Results

FINGER CRACKING
Of the seventeen subjects tested, five produced cracks, seven did not, and five did not relax sufficiently to allow a test to be performed properly. This last group reacted to the applied loads by tensing the muscles and so holding the joint closed.
In all the subjects who produced a crack a crescentshaped area of high contrast was noted in the clearance space between the articular surfaces on radiography (Fig. 2, overleaf) . This was absent in subjects whose joints did not crack.
Figs 3 and 4 (overleaf) show typical load-separation curves for 'cracking' and non-cracking joints. Consider first of all Fig. 3 load between 10 and 16 kg. a crack was heard and the joint separation increased rapidly. The radiograph also showed the contrasting area within the joints. Continued loading took the separation a little higher, and on reducing the load the upper curve was followed (indicated by a broken line). On reloading immediately, the load-separation characteristics followed the middle curve (compared with Fig. 3 ).
non-cracking joint (Fig. 4) , different load-separation characteristics were found. Comparing the two graphs, it can be seen that the loop of Fig. 4 Table II shows that, for the finger tested, a time lapse of about 15 minutes occurred before the finger 'joint separation returned to its pre-racking value. This is probably due to the viscous effects of synovial fluid keeping the surfaces apart, together with elastic recovery within the cartilage.
STUDY OF GEOMETRY
Before the technique was used to study the geometry of joints, controlled tests were conducted on standard specimens. It was found that the length of a rectangular block (1 in. steel slip gauge) was reproduced within 0*7 per cent. A measurement of a steel ball of 1 in. diameter was in error by 1 -6 per cent., and measurements on a glass cylinder of 0 582 in. diameter gave an error of 1 2 per cent. The radii of curvature of the model surfaces were determined by projecting the articulating surfaces on a projection microscope and then fitting standard radii to them (Fig. 5 , previous page).
The metacarpal heads were sectioned about three axes longitudinal, transverse, and rotational defined in Fig. 6 .
The results of measurements on these sections are given in Table III (opposite) and the results for the metacarpal head and proximal phalanx on the longitudinal and transverse planes in Table IV. It was noted that, in three of the eight fingers examined, the metacarpal head was spherical over the range of motion. However, it is worth noting that two of these (F3 and F8) were spherical only by virtue of wear taking place and causing local adjustment of the original radius of curvature (Table IV) . In all the other cases the metacarpal head had a larger radius transversely than longitudinally. It therefore seems that in general the metacarpal head is not quite spherical but has a smaller radius of curvature in the coronal plane than the transverse plane. In this case the average difference in radius was 6 per cent., a small but definite difference. Table IV shows that three of the eight specimens of proximal phalanx base had equal radii in the coronal and transverse planes (i.e. they were spherical). Two specimens had a greater radius in the coronal plane and three in the transverse plane. The mean difference in radius was only 1 * 07 per cent. and was such that the coronal plane exhibited the 6-6 6-6 6-6 6 6 6-6 6-6 6-4
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9.4 9.4 larger radius. This observation is interesting because it appears that the base of the proximal phalanx is nearer to a sphere than the head of the metacarpal. If the joint is now considered as a whole (i.e. fitted together), it is interesting to note the relative radii of curvature and hence the clearance at any point. In the coronal plane in every case the proximal phalanx was of equal or greater radius than the metacarpal head. On average this clearance or difference in radius was 0 5 mm. The transverse plane, however, showed much more scattered results. Three of the joints had larger metacarpal heads than proximal phalanx bases and five had larger bases than metacarpal heads. The average clearance in the transverse plane was small and negative. It appears that the proximal phalanx grips the metacarpal head very slightly by 0-025 mm. on radius on average. Fig. 7 (overleaf) shows a joint in which the metacarpal head is smaller than the proximal phalanx base and Fig. 8 (overleaf) one in which the head is larger than the base in the transverse section.
Although in detail the joints are not quite spherical, for the sake of analysis they can be considered to be true spheres.
GAS ANALYSIS
This was carried out on samples of synovial fluid from seven patients ( [(1n-I-) where p is the pressure generated within the fluid film at the point determined by the co-ordinate 6.
W is the applied load.
Rs is the radius of the sphere representing the metacarpal head.
61 is half the angular extent of the bearing.
If 0 = 0 is substituted into this equation, then the maximum pressure will be obtained.
Conditions when e-*1 When c approaches unity, the maximum pressure generated approaches minus infinity when the surfaces are moving apart. The value of E becomes unity when the two cartilage surfaces are in contact. When a thin film of fluid is present, the pressure generated is very low. In general, fluid containing high quantities of gas cannot support low pressures without cavitation taking place.
JOINT SIMULATOR
Using the joint simulator, an audible crack was produced by a sudden tension after the components had been compressed with synovial fluid between them. Frames from the high speed cine film are shown in Fig. 10 (overleaf) , in which the presence of vapour cavities can be seen.
Discussion
From the theoretical considerations it is clear that, subject to condition of very thin synovial fluid films existing between the cartilage surfaces of the metacarpophalangeal joint, it is likely that cavitation will take place within the fluid when tension is applied to the joint. At the instant of formation of the cavities an unstable condition is created, for the pressure within the bubble is very low while that of the surrounding fluid is nearer to ambient conditions. In addition, the joint separation increases at a high rate, allowing the net flow of fluid into the low pressure regions. This results in collapse of the vapour phase of the cavities with consequent energy release as noise (the 'crack' heard externally). The gas removed during the period of low pressure, however, returns to ambient pressure but does not reabsorb for 20 to 30 minutes. This gas is readily visible on the radiograph, particularly on extension of the joint but is not responsible for causing the crack; it is there as a consequence of the cracking phenomenon.
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In(l -cos0l) sin26l 1 E(1-Ef cos6l) C2 2(1-E COSI)2 J E is the eccentricity ratio e/c. e is the displacement of the centres of the radius of the metacarpal head and the radius of the base of the proximal phalanx.
c is the difference between the radius of the proximal phalanx and the metacarpal head. Roston and Wheeler Haines (1947) estimated the pressure in the joint by taking the applied load and dividing this by the area of the joint suggesting that the fluid was subjected to a tension of -2J atmospheres. The fallacy of this calculation arises from the fact that not all of the load is taken through the fluid film (some is carried by the surrounding structures). In addition, the pressure generated within the curved surface is different in all parts of that surface, being a minimum at the centre of the contact: a fact which is vital to an understanding of the cracking phenomenon.
The load-separation results from the tests described in this communication are similar to those produced by Roston and Wheeler Haines. They differ in that the initial separation of the joint surfaces was always smaller than the final separation of the same surfaces providing the measurement was taken immediately after unloading. After about 15 minutes rest the two became equal. These are also important factors in the explanation of the phenomenon. Nordheim (1938) , when explaining the shadow on the x-ray film, used the example of a syringe with the nozzle blocked filled with water and the plunger withdrawn. This produces a low pressure area consisting of water vapour and gas extracted from the solution in the water. On this basis Roston and Wheeler Haines (1947) suggested that the sudden appearance of this low pressure bubble caused the joint to separate at a rapid rate and that the crack was caused by the sudden opening of the joint surfaces producing vibrations in the joint tissue. The present work confirms that low pressures are developed in the synovial fluid and these pressures cause vaporization and gas liberation from the fluid. At this point the joint space springs open, but the high speed cine camera shows that the bubble forms and collapses again in about 0 01 second. It is therefore concluded that it is the collapse of the vapour bubble which causes the crack not its formation. This is borne out by mathematical considerations when the physical significance of applying tension to the joint is considered. As the joint is pulled apart, if the fluid film is very thin t14 .i,, generated. This causes vapour cavities to be formed but, at the same time, gas which was previously held in solution in the fluid is released within these cavities or bubbles. Because the pressure is much lower in the middle of the contact (where the bubble is formed) than towards the joint surface extremities, a pressure-induced flow will take place to fill the cavities formed. This flow causes a sudden condensation of the vapour previously formed because the pressure rises above the vapour pressure as the fluid flows in. This phase transformation, which takes place in a very short time, gives rise to free energy equal to the latent heat of vaporization . i ready for re-cracking. Another factor which has not received previous comment is that the separation between the joint surfaces does not return to its pre-cracking condition for a period of 15 minutes. The surfaces must be very close to give the right conditions for cavitation at reasonable loads so that, if a joint is separated before this space has reduced fully, the pressure generated will be insufficient to cause cavitation as is apparent from the theoretical considerations. The reasons for the joint space taking so long to return are multiple, but principally the viscosity of the synovial fluid resists the forces trying to squeeze the fluid film to small proportions and this resistance causes a time delay. (a) e-+c and therefore E-*>1. This condition gives a very low pressure at the centre of contact.
(b) e is small and therefore e is small, so that the pressure generated at the centre ofcontact is not very low.
In addition, the ligaments take some time before they can re-apply their initial loading because of the visco-elasticity of the tissue. It therefore becomes clear that joints cannot be expected to crack repeatedly ifcavitation characteristics are considered.
Some joints never crack. This may be because the joint space is too great. Examining the equation, it can be seen that when e approaches unity, application of a load such that surface separation takes place is likely to produce cavitation because of the low pressure generation. Conversely, if 6 is very much less than unity, the pressure is likely to be insufficient to produce cavitation within the joint (Fig. 11) .
The physical explanation of a thick fluid film being present between the articulating surfaces is that the ligaments locating the joint are not strong enough to force the two surfaces together. This point is verified by Table I which shows the resting separation of non-cracking joints to be 25 per cent. greater than that of cracking joints. Secondly, subjects may not be able to relax. In this series of tests and in those of Roston and Wheeler Haines (1947) , several subjects could not relax their muscles. As the machine applied the load the subject pulled back against this by tensing the tendons spanning the joint. The result was that the joint did not open or at best opened erratically as the subject attempted to relax at intervals. Summary A machine has been constructed to study the load-separation characteristics of the metacarpophalangeal joint. It was demonstrated that, in joints which produce a crack, an area of high contrast was present radiologically. This is in agreement with the findings of other workers. The characteristics shown by a cracking joint were not the same as those of a non-cracking joint. However, the reloading curves for a previously cracked joint were similar to those for a non-cracking joint. Gas analysis, using a Van Slyke apparatus, showed that synovial fluid contains 15 per cent. gas on average.
Studies of geometry demonstrated that the joint surfaces were essentially spherical in the area of interest, and the hydrodynamic equations for this configuration show that, when the joint surfaces are close together, large subatmospheric pressures can be produced on separating the surfaces.
The results support the view that 'cavitation' is responsible for the phenomenon of cracking. Under subatmospheric pressures, the synovial fluid vaporizes and gas is released from solution. The collapse of the vapour cavities gives rise to the noise. This was supported by high speed photography of a Perspex and nylon simulated joint. [Subsequent personal communication from DR. M. ZIFF (Dallas, Texas) I have two patients with obsessive knuckle-cracking habits, one aged 38 years and the other a teenage male. The first had undoubted osteoarthrosis, and the second had enlarged proximal interphalangeal joints but his x rays were only suggestive of sclerosis of the subchondral margins of the middle phalanges. The third patient was a deaf mute in her late 30s. She used her fingers constantly for sign language and had prominent Bouchard's nodes, but did not crack her knuckles.] 
